This paper describes the estimation method of transient sound radiating from a structure excited by random impact forces and the noise reduction design of a coin storage box of a coin counting machine. To represent the random impulses, the probabilistic model of random impact forces is derived by defining the collision position and time of impulses as probability variables and using the probability density functions of the variables. The probability density functions of the collision position and time are assumed as Gaussian probability distribution. The vibration displacement of the structure at each time step is represented through time-averaged function with respect to the above probability variables. The transient sound pressure is obtained by using a Rayleigh integral equation and the sound power is evaluated by integrating the sound pressure distribution in frequency domain. To check the accuracy of estimation based on the probabilistic model, the sound pressure and power radiated from the structure are measured. It is confirmed that the estimated frequency responses agrees well with the measured values in low frequency domain and that the proposed probabilistic model is effective for estimating the random impact sound. Next, using the above probabilistic model, the structural modification to reduce the sound power from the box is carried out. In this structural modification, straight dimples to cross the antinodes of the dominant mode of sound power are added. As a result of sound power measurement, it is confirmed that the proposed method is applicable to noise reduction design.
Introduction
The shell structures such as a coin counter in banks as shown in Fig.1 radiate transient sound noise because of random impact forces by coins. In general, because the rigidity of the shell structures is low, an increase in the noise becomes a problem. The development of an effective method for reducing the noise at the design stage is hence required. In order to reduce noise of these machines by structural modification, the exciting force must be estimated because the radiating sound power is needed to be calculated accurately.
Many researchers have reported the identification method of vibration sources by using inverse problems (1) − (6) . In general, these methods are effective for the case in which the position of excitation is fixed and in which the excitation is harmonic or deterministic. However, in the excitation of which the collision time and position are random such as the excitation of
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On the other hand, the method adding convex shapes to the shell structure by press working has the advantage of improving the rigidity and quietness without increasing the weight. Some researchers have tried to reduce noise radiating from thin plate structure by the optimal arrangement of stiffener and dimple (7) − (9) . However, these optimization methods are effective for harmonic excitation but are not applicable to random and impulsive excitation. Thus, in this paper, we present the estimation method of transient sound radiating from a structure excited by random impact forces and the noise reduction design of a coin storage box of a coin counting machine as shown in Fig.1 . The probabilistic model of impact forces caused by coins randomly falling to a storage box of the coin counter is derived. To represent the random impulse of coin, the collision position and time of the impulse are defined as probability variables in this model. In order to demonstrate the accuracy of estimation in the initial excitation phase of coin, the measurement of transient sound pressure at spatial points is carried out and then the availability of the proposed method is examined theoretically and experimentally. Finally, using the above probabilistic model, the structural modification to reduce the sound power from the box by adding dimples is carried out and the effectiveness of the dimple arrangement is also examined experimentally. 
Vibration analysis based on probabilistic model of random impact force
Consider a structure which is excited by an impulse of force, P 0 , acting at a position s 0 in an area S 0 on its surface S as shown in Fig.2 . The displacement of forced vibration of the structure, u, at the position on the structure, s, is expressed by linear sums of the eigenfunctions as
where w m is the eigenfunction for the m-th mode, F m is the coefficient for the m-th mode, and t is time. m represents the sum over all the natural modes of flexural vibration. Substituting Eq.(1) into the equation of flexural vibration of the structure, and using orthogonality relationships of the eigenfunctions, the damped and uncoupled equation of flexural vibration is given 
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where τ is the collision time when the impulse acts, δ is the Dirac delta function, m m is the modal mass, c m is the modal damping coefficient, and k m is the modal stiffness. Using the unit impluse response function defined on the modal co-ordinates, h m , the displacement of the damped vibration is given as
Next, we consider the case in which the structure is excited by the impulse of which the magnitude P 0 , collision position s 0 , and collision time τ are random as shown in Figure 2 . The vibratory displacement that is expected at time t is expressed as time-averaged function assuming P 0 , s 0 and τ as probability variables. Using the joint probability density function with respect to these probability variables within time 0 ∼ T , the expected displacementū is given as
where p I is the the joint probability density function with respect to P 0 , s 0 and τ. Substituting Eq. (1) into Eq.(4) then yields
whereF
If each of the probability variables is an independent variable, p I becomes the product of each probability density function as
where p M , p P and p T are respectively the probability density functions with respect to the magnitude, collision position and collision time of the impulse of force. Substituting Eq. (7) into Eq.(6) then yields
For example, assuming that the impulse of which the magnitude is a constant valueP 0 excites the structure on N times, the vibratory displacement can be expressed as
3. Estimation of vibration response based on probabilistic model 3.1. Vibration response for an already-known probability density function To examine if the solution of Eq.(9) for random impulses is correct, we estimated and measured the vibration acceleration of a rectangular plate and a coin storage box which are excited by a shaker driven by a random impulse signal based on an already-known probability density function. Figure 3 shows the test assembly of the plate and the box. The theoretical acceleration is calculated by using eigenfunctions obtained by FEM modal analysis of them. The FE model of the plate and the box has respectively 2440 and 3770 elastic shell elements.
If the excitation position is fixed, Eq. (9) is rewritten as
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(a) Peripherally fixed rectangular plate (b) Coin storage box where s E is the excitation position. The probability density function with respect to collision time, p T (τ), was set as discrete exponential distribution in Poisson process shown in Fig.4 because the constant magnitude of impulse could not be generated by the shaker within 62.5m seconds. Since the collision position is fixed and the probability density function is discrete, this excitation condition becomes the vibration condition that each impulse response are superposed. However, it is considered that the validity of Eq. (9) can be confirmed in this excitation condition. The random impact excitation was carried out on 10 times (N = 10) within T = 2 seconds. The magnitude of impulse required to the estimation,P 0 , was determined by averaging the measured impact forces as shown in Fig.5 . Figure 6 shows the time signals of both the estimated acceleration and the ensemble average of measured acceleration at the side of the coin storage box. Figure 7 shows a com- 
Vol. 2, No.1, 2008 parison between the estimated and measured amplitudes of acceleration in frequency domain of both the plate and the box. Although there are the estimation errors in the high frequency range of about 1500Hz to 2000 Hz, the estimation acceleration agrees well with the measured values in the low frequency range. It is thus confirmed that the proposed method is a good representation of the vibration analysis based on probabilistic model.
Vibration response for a coin storage box excited by coins
In order to check the estimation of impulses of unknown random impact forces, the acceleration of the coin storage box excited by coins which was estimated and measured. As shown in Fig.8, 200 coins of 1 yen were dropped to the bottom plate from the height of the coin storage box and the acceleration at the side of the box was measured. Figure 9 shows one example of measured acceleration at the side of the box. The probability density functions of the collision position and time required to the estimation are respectively assumed as Gaussian probability distribution as shown in Fig.10 . The mean value of Gaussian distribution for collision position on the bottom plate was set as the center position of the dropped coins. The standard deviation for collision position, (σ x , σ y ), was assumed as (σ x , σ y ) = (0.033, 0.010) so that the probability becomes almost 1. The probability density function for collision time was assumed as following equation,
where σ τ is the standard deviation for collision time. The value of σ τ was experimentally determined as 3σ τ = 0.5 because the time signals of the ensemble average of measured acceleration in Fig.11 (a) were decayed within 0.5 seconds. The constant valueP 0 in Eq.(9) for the estimation was assumed as the impulse in case that a coin of 1 yen falls freely down on the bottom plate from the height of the box. 2008 In Fig.11(a) , the difference of vibrating time exists between the measured and estimated acceleration. It is considered that this error factor is the influence of collision of coins at the side of the box on high order modes of the box. There are about 80 vibration modes within the range of 2000Hz and these mode shapes of the box in high frequency domain have many antinodes at the side. Therefore the collision at the side caused the vibration of these high order modes and resulted in the difference of the acceleration in time domain. In order to reduce this estimation error, it is necessary to consider the collision at the side of the box and improve the probabilistic density function of collision position and time. Figure 11(b) shows a comparison between the estimated and measured acceleration at the side of the box. In the figure, there are estimation errors in the high frequency range of about 1000Hz to 2000Hz because the eigenfunctions of the bottom plate of both the box made by bending and the FE model in the high frequency range have significant differences. However, the estimated acceleration agrees very well with the ensemble average of the measured values. It is thus confirmed that the proposed method based on probabilistic model has an adequate accuracy. 
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Estimation of transient sound based on probabilistic model

Estimation of transient sound pressure
The transient sound pressure radiating from a structure excited by random impact forces is calculated based on the solution of Eq.(9). The sound pressure p(X, Y, Z, t) at the point (X, Y, Z) in free sound field is expressed using Rayleigh's integral as (11) 
p(X, Y, Z, t)
where R is the distance between the point on the structure to the point in space, ρ air is the density of the air and c air is the speed of sound in the air.
To check the estimation of transient sound pressure in free sound field, we estimated and measured the sound pressure of the plate and the box which are excited by a shaker driven by the same random impulse signal as Chapter 3 in an anechoic room. In case of the calculation of the sound pressure from the box, only the outer surface of the box was taken into consideration. Figure 12 shows the test assembly of the plate and the box. Figure 13 and 14 show the time signals and the frequency spectra of both the estimated sound pressure and 
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Vol.2, No. 1, 2008 the ensemble average of measured values, respectively. Since the acoustic modes of the box influence the radiated sound pressure, there are the errors between the estimated and measured values in the frequency range of 250Hz to 400Hz. However, the estimation values agree well with the measured values in the low frequency range as same as the acceleration measurement. The transient sound pressure of the box excited by coins was also estimated and measured as shown in Figure 15 . Figure 16 shows an example of frequency spectra of the estimated and measured sound pressure. Although there are the estimation errors in the high frequency range as same as the acceleration measurement, the estimation values agrees well with the measured ensemble average. It is confirmed that the proposed method is a good representation of the estimation of transient sound pressure. 
Experimental verification for sound radiation power
The radiated sound power W rad in free sound field is evaluated by spatially integrating the far field sound intensity using the sound pressure of Eq.(12) in frequency domain as
where ω is an angular frequency and S m is the area of spatial integration. Figure 17 shows the experimental apparatus for measurement of sound power in the anechoic room. The exciter was driven by the same random signal as the sound pressure measurement. Assuming that the excitation of the shaker is stable for the sound pressure measurement at each point in
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Vol.2, No. 1, 2008 space, the experimental values of sound power were evaluated by moving 5 microphones on the measuring surface. Figure 18 shows a comparison between the estimated and measured sound power. The frequency characteristics of the estimation values agrees well with that of the measured values as same as the sound pressure measurement. It is hence confirmed that the proposed method is able to estimate sound power radiating from a structure excited by random impact forces. 
Application to noise reduction of coin storage box
Effect on sound power reduction by adding dimples
Aiming to apply the proposed probabilistic model on random impact forces to noise reduction, the design to reduce sound power radiated from the coin storage box was carried out with the method to add dimples. To verify the effective arrangement of dimples against vibration modes of the box, the coin storage boxes with short or long dimples shown in Fig.19 were made and their radiated sound power were compared experimentally. The dimensions of these boxes are the same size as the box shown in Fig.3 (b) . The depth of each dimple made by press working is 2mm. With the same excitation condition as the sound power measurement in Chapter 4, these boxes were excited by a shaker driven by random impulse signals and then their radiated sound power was evaluated by spatial integration of the sound pressures on the measuring surfaces. The frequency spectra of measured sound power from these boxes with dimples are shown in Fig.20 (a) and (b) , respectively. Since the original spectra have 16Hz harmonic family as 2008 shown in Fig.18 , the harmonic family is removed with cepstrum liftering in order to make easily to compare the reduction of sound power. As seen from these figures, the reduction of the box with long dimples is larger than that of short dimples at dominant frequencies of sound power. Figure 21 shows examples of vibration modes of the box without dimple at dominant frequencies of sound power. It is confirmed that the dimple arrangement to suppress more antinodes of vibration modes at dominant frequencies is effective for reduction of sound power. 
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Search of dimple arrangement to reduce sound power
The dimple arrangement to reduce sound power was searched based on the suppression of antinodes of vibration modes. The integrated sound power in the target frequency range shown in Fig.22 is used as an evaluation index for sound reduction. Figure 23 shows the flowchart of search for dimple arrangement for sound power reduction. The search process is as follows. First, the sound power of the current box is calculated and the most dominant mode in the target frequency range is searched as shown in Fig.22 . Next, straight dimples to cross the antinodes of the dominant mode are added as shown in Fig.22 and the sound power of the box with new added dimples is recalculated. This search process is repeated several times until the evaluation index satisfies a convergence condition. The arrangement of dimples to reduce sound power is obtained by this iteration calculation. The convergence condition is set as follows; the evaluation index becomes smaller than a desired value of reduction and the overall sound power is also reduced adequately. 
Example of search of dimple arrangement
Using the above search process and the proposed probabilistic model, we calculated the dimple arrangement to reduce the sound power from the coin storage box which is excited by coins as described in Chapter 3. The width and depth of added dimples are respectively set as 7mm and 2mm, and the distance between added dimples is constrained larger than 10mm. The target frequency range of the evaluation index is the range from 600Hz to 1kHz including
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Vol. 2, No.1, 2008 the dominant sound pressure as shown in Fig.11(b) . The desired value of reduction is set as 6dB. Table 1 shows the dominant mode and the arrangement of dimples in search process, and Figure 24 shows the variations of the evaluation index and the overall sound power level from 0Hz to 2kHz. The evaluation indexes at first and second iteration satisfied the desired value of reduction, but the iteration of search was continued since the overall sound power level from 0Hz to 2kHz was not reduced adequately. At third iteration, because both the evaluation index and the overall sound power level satisfied the convergence condition, the arrangement of dimples at this stage was determined as the best solution to reduce sound power. Fig.25 shows the frequency spectra of the estimated sound power from the boxes with the best dimple arrangement and without dimple. As seen from the figure, the sound power becomes smaller in the overall frequency range and, especially, the best dimple arrangement is effective to improve the sound power at the dominant modes in the target frequency range. To verify the effect of the obtained dimple arrangement on sound power reduction, the prototype of the box with the dimples as shown in Fig.26 was made by press working with a die set. In order to measure the sound power of the excitation by coins precisely, the simultaneous measurement of the transient sound pressures is required at many measuring points. Since the construction of the measurement system to use many microphones is difficult but the 
Vol.2, No. 1, 2008 reduction effect by dimple arrangement is adequately verifiable by the excitation to use random impulse signals, the sound power of these boxes was measured with the same excitation condition as Chapter 4. Figure 27 shows the results of frequency spectra of measured sound power of which the harmonic family is removed with cepstrum liftering. The evaluation index and the overall sound power level reduced by 2.6dB and 2.8dB respectively. Although the amount of reduction of the experimental values was smaller than the estimated values because of the different excitation condition, the dominant sound power of the box with the best dimple arrangement was decreased; hence, it is confirmed that the proposed method by adding dimples is effective for noise reduction design.
Conclusions
In this paper, the estimation method of transient sound radiating from a structure excited by random impact forces and the noise reduction design by adding dimples have been presented. The main results are as follows.
( 1 ) The probabilistic model of random impact forces has been derived by defining the collision position and time of impulses as probability variables and using the probability density functions of the variables.
( 2 ) The forced vibration analysis based on the probabilistic model was carried out. Although there are estimation errors in the high frequency range because of the FE model's error, the estimated acceleration agreed very well with the ensemble average of the measured values.
( 3 ) In order to check the estimation of transient sound, the sound pressure and power radiated from the structure were measured. As a result, although the influence of acoustic modes caused the estimation errors, the frequency characteristics of the estimated values coincided well with the measured values; hence, the proposed probabilistic model is effective for estimating the random impact sound.
( 4 ) The structural modification of the coin storage box was carried out based on the dimple arrangement to cross the antinodes of dominant modes of sound power. As a result of the sound power measurement of the box with the best dimple arrangement, it is confirmed that the proposed method by adding dimples is effective for noise reduction design.
